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a b s t r a c t

Texture of an unripe pear is firm and crisp, similar to an apple. However, at the crisp stage, the flavor of
pears is flat. This study evaluated the effect of harvest maturity on the quality of fresh-cut pear salad. Fruit
were harvested at commercial maturity and 1-month delayed. After 2 and 5 months (1 and 4 months
for delayed-harvest fruit) storage at −1 ◦C, fruit were sliced into 8–12 wedges per fruit, dipped in an
antibrowning solution, packaged in Ziploc bags and stored at 1 ◦C for up to 21 d. Delayed-harvest fruit
were larger in size (≈20% increase in weight), had lower flesh firmness (≈17% decrease), lower titrat-
able acidity content (≈20% decrease), and lower phenolic content (≈45% and 13% decreases in pulp and
peel, respectively). There was no significant difference in soluble solids content. After 2 months storage,
ethylene production and respiration rate were initially lower in the slices from delayed-harvest fruit, but
tended to become similar after 7 d in storage at 1 ◦C. Delayed-harvest fruit had lower hydroxycinnamic
henolics
irmness

acids and flavanols, and higher ester, alcohol, and aldehyde volatile compounds after 2–5 months storage.
The results indicated that fruit salad produced with delayed-harvest pears had less browning poten-
tial and better flavor. Sensory evaluation results showed that about 80% of the panel liked slices from
delayed-harvest fruit over commercial harvested, especially in terms of visual quality (65–85%), sweet-
ness (75–95%), taste (70–80%), and overall quality (75–80%) during 21 d storage at 1 ◦C. The cut surface of
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. Introduction

Research on fresh-cut pears has focused on developing
ntibrowning solutions and on modified atmosphere packaging for
artially ripened fruit to produce a product with typical pear flavor
nd an adequate shelf life (Buta and Abbott, 2000; Chen et al., 2003;

Dong et al., 2000; Gorny et al., 1998, 2000, 2002; Rosen and Kader,
1989; Sapers and Miller, 1998; Senesi et al., 1999; Soliva-Fortuny
et al., 2002a,b, 2004). However, once pear ripening is initiated,

ruit rapidly lose flesh firmness (FF); usually FF decreases from over
0 Newton (N, unripe) to below 20 N (full ripe) in 2–3 d (Chen et
l., 2003). Therefore, it is difficult for the industry to maintain a
roper ripening stage on a commercial scale. Furthermore, “par-

� Mention of a trademark or proprietary product is for identification only and
oes not imply a guarantee or warranty of the product by the U.S. Department of
griculture. The U.S. Department of Agriculture prohibits discrimination in all its
rograms and activities on the basis of race, color, national origin, gender, religion,
ge, disability, political beliefs, sexual orientation, and marital or family status. This
aterial is based on work supported in part by the Hood River Grower-Shipper
ssociation, and Agricultural Research Foundation of Oregon State University.
∗ Corresponding author. Tel.: +1 863 293 4133.

E-mail address: Liz.Baldwin@ars.usda.gov (E. Baldwin).
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harvest fruit when processed after 5 months in storage. However, sensory
still preferred the delayed-harvest fruit.

Published by Elsevier B.V.

ially ripe” is not a precise definition. It has been used differently
y different scientists for different varieties. For example, Gorny et
l. (2000) partially ripened ‘Bartlett’, ‘Bosc’ and ‘Anjou’ to 27–45 N,
ut ‘Red Anjou’ to 65 N; Soliva-Fortuny et al. (2004) indicates that
4 N is partially ripe for ‘Conference’ pears, and Chen et al. (2003)
uggested that a FF of 22–31 N is proper for fresh-cut use of ‘Anjou’
ears. Partially because of such difficulties and confusions, fresh-
ut pears are rare items in grocery stores and service industries.
ne problem with slices from riper fruit is that they are soft, and
ot easy to handle, store and ship.

On the other hand, fresh-cut apple production has increased
apidly in recent years. National and international restaurant chains
re adding fresh-cut apple products to their menus. Major grocery
hains sell sliced apples in bags or in fruit salad mixtures. Unripe
ears are similar to apples in many ways: both are pome fruit, grow

n similar climates, have similar firm and crisp textures, and thus,
resh-cut pears are a potential alternative to fresh-cut apples. Using
ess or “partially” ripe pears, the fresh-cut process and quality con-

rol of pear slices would be much easier to manage, and the product
ould be adequately firm for handling and shipping.

The problem is that at a crisp stage of ripeness, the flavor of
ears is flat compared to apples and the texture of unripe pears is
sually rough and lacks juiciness. Improving the flavor and texture

http://www.sciencedirect.com/science/journal/09255214
http://www.elsevier.com/locate/postharvbio
mailto:Liz.Baldwin@ars.usda.gov
dx.doi.org/10.1016/j.postharvbio.2008.07.009
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f pears is considered to be the key to successful marketing of
resh-cut pears. One of the considerations to improve the fresh-cut
ear quality is to delay harvest. Harvest maturity of pears is com-
ercially determined by FF. The ideal harvest maturity is a FF of

8–67 N for ‘Anjou’ pears which allows the fruit to grow to a proper
verage size and be suitable for long-term storage as characterized
y a juicy and buttery texture upon ripening (Chen and Mellenthin,
981; Hansen and Mellenthin, 1979). The firmer fruit are usually
estined for long-term and controlled atmosphere (CA) storage.
n the other hand, softer fruit are selected for short-term storage.
owever, because ripening is not an issue, this traditional harvest
aturity may not be suitable for fresh-cut pears. Preliminary

xperiments showed that when pears were left on the tree for an
xtended period past traditional harvest maturity, fruit continued
o grow at a rate of 3–6% per week, and FF decreases at a rate of
bout 2–4 N per week. These fruit had desirable crunchiness, more
uiciness, finer texture, richer flavor, and less browning (data not
hown). As a drawback, delayed-harvest fruit were more suscepti-
le to decay (Boonyakiat et al., 1987), therefore an enhanced decay
ontrol program is needed for delayed-harvest fruit.

‘Anjou’ is the principal fresh market pear cultivar in the United
tates with a pack-out of ∼250,000 tonnes annually. Under proper
onditions, ‘Anjou’ can be stored as long as 9 months. This cul-
ivar also has less pre-harvest drop problems compared to other
ear cultivars, which makes it possible to be harvested much later
han current commercial harvest. ‘Anjou’ pears cannot ripen after
arvest until the chilling requirement has been met by cold stor-
ge for about 2 months (Chen and Mellenthin, 1981; Chen et al.,
997). During cold storage, 1-aminocyclopropane-1-carboxylic acid
ACC) synthase and ACC oxidase activities are induced, ACC is accu-

ulated and onset of climacteric rise of ethylene production and
ipening begin within 2–3 d upon transfer of fruit to room tem-
erature (Agar et al., 2000; Chen et al., 1997; Wang et al., 1985).
enerally, ‘Anjou’ and other European pears are consumed after

ipening in the United States and European countries, however, the
ruit are consumed in many other countries at the unripe stage.

In this research, fresh-cut ‘Anjou’ pears for pear salad from fruit
arvested at the traditional maturity were compared to fruit har-
ested later (delayed harvest), analyzing chemical, physical and
ensory quality characteristics.

. Materials and methods

.1. Plant materials and treatments

Six uniform mature pear trees (cv. Anjou on OH × F 97 rootstock
18-year old)) were selected from a pear block located at Mid-
olumbia Agricultural Research and Extension Center, Hood River,
regon. Three out of the six trees, representing three replicates
ere harvested on 31 August at commercial maturity and another

hree were harvested on 30 September as 1-month delayed har-
est. Fruit from each tree were harvested separately and packed into
0-kg wooden boxes with perforated polyliner. Intact fruit quality
ttributes were analyzed at harvest, and after 2 months (1 month
or delayed-harvest fruit) and 5 months (4 months for delayed-
arvest fruit) at −1 ◦C. One box of fruit from each tree was used
very sampling time to represent one replicate. Sub-samples of 15
ruit from each box were used for fresh-cut processing on 30 Octo-
er (after 1–2 months storage) and 31 January (after 4–5 months
torage).
.2. Fresh-cut process

Processing was conducted in a 20 ◦C room. Fruit were washed
n tap water (5–13 ◦C), then sanitized for 120 s in a 1 ◦C solution of

8
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00 �L L−1 sodium hypochlorite at pH 6.5, drained for about 600 s,
nd hand-cut to 8–12 wedges with a sharp stainless steel knife.
fter removal of the seed cavity, the slices, ∼25 g each, were placed

nto colanders and immediately dipped for 30 s in an aqueous solu-
ion (1 ◦C) containing 1% ascorbic acid, 0.8% calcium propionate,
nd 0.4% acetylcysteine for reducing browning and maintaining
rmness (Bai et al., 2004). Fifteen fruit were used each sampling
ime. The slices pooled for each replicate were then allowed to
rain for 1 h at 1 ◦C before placement into 8 Ziploc polyethylene
ags (17.3 cm × 20.3 cm, thickness 30 �m, Western Family Foods,
ortland, OR), 10 slices per bag, and stored at 1 ◦C for up to 21 d.
as concentrations in the bags, respiration rate, ethylene produc-

ion rate, and quality attributes of the slices were determined at day
, 7, 14 and 21 during storage. Two bags of slices per replicate were
sed each sampling day, one for sensory evaluation and another for
nalytical measurements.

.3. CO2, O2 and ethylene analysis

Headspace gas samples in the bags were taken using a 5-
L syringe and then injected into a gas chromatograph (GC).
ewlett-Packard 5890 II (Avondale, PA) equipped with a TCD and
n HP MS-5a column, 30 m × 0.53 mm i.d., 50 �m coating (Hewlett-
ackard, Avondale, PA) for O2 and CO2 analyses, and a FID and an
lltech AT-Q column, 30 m × 0.53 mm i.d., 20 �m coating (Alltech
ssociates, Inc., Deerfield, IL) for ethylene analysis. Samples were
un isothermally (T = 50 ◦C) and quantification performed with cal-
bration standards 21 kPa O2 (air), 1 kPa CO2, and 5 Pa ethylene.

.4. Quality parameters

Fruit size (diameter, length and weight) was measured directly
fter harvest by averaging 40 fruit over 3 replicates.

For respiration and ethylene production rates, 10 pear slices
ere removed from a bag to a 1-L sealed glass jar, and incubated

or 1800 s. Well-mixed headspace gas samples were obtained from
he jar, and analyzed by GC under the conditions described above.
or intact fruit, 5 fruit were incubated in a 3.8-L glass jar for 3600 s.

Color of entire fruit and cut surface was based on CIE L*, a*,
*, Chroma (C*) and hue angle (h◦) values using a white tile-
alibrated Spectrophotometer (model CR-2500d, Minolta, Tokyo,
apan). The setting conditions were as follows: Mask/Gloss-M/SCI;
V Setting-UV 100%; Illuminant1-D65 (standard); Illuminant 2-D-
5; Observer-10◦. The cut surface of 10 slices were measured per
eplicate bag.

Firmness was determined using a texture analyzer (Model GS-
4, Guss Manufacturing Ltd., Strand, South Africa) with an 8-mm
lunger that penetrated 9 mm in 54 s. For whole fruit, 10 fruit were
sed per replicate. Two measurements were obtained per fruit from
pposite sides where 16-mm diameter peel discs were removed. For
ut slices, a 10-mm thick piece was obtained from the equatorial
art of the wedge. Ten slices were measured per replicate bag, and
he firmness was expressed in Newton (N).

Fruit juice was prepared for soluble solids content (SS), titratable
cidity (TA) and volatile measurements using a juicer (Model 6001,
cme Juicer Mfg Co., Sierra Madre, CA) with a milk filter (Schwartz
anufacturing Co., Two Rivers, WI) at about 2500–3000 × g.
SS was measured with a refractometer (Model N1, Atago, Tokyo,

apan). Titratable acidity was determined by titrating a mixture of
0-mL juice and 40-mL ion-free water with 0.1 mol L−1 NaOH to pH

.1 using a titration system (Model T80/20, Schott-Gerate, Hofheim
. Ts., Germany), and calculated as concentration of H+.

For headspace volatile analysis, 1.5-mL fruit juice was homoge-
ized with 0.75 mL deionized water and 0.75 mL saturated NaCl2
olution in a 10-mL glass vial and sealed with a crimp-topped
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Table 1
Attributes of ‘Anjou’ pears harvested at commercial maturity or 1-month delay

Attribute Commercial Delayed t-Testa

Fruit size
Diameter (mm) 72.15 76.00 0.05
Length (mm) 95.15 95.50 NS
Weight (g) 233 279 0.05

Flesh quality
Flesh firmness (N) 66.4 55.2 0.05
Soluble solids content (%) 12.7 12.6 NS
Titratable acidity (H+, mmol L−1) 63 52 0.01

Respiration and ethylene production rates (20 ◦C)
CO2 (nmol kg−1 s−1) 32.2 29.8 NS
Ethylene (pmol kg−1 s−1) 0 0 NS

Surface color (Minolta)
L* 62.62 64.28 0.05
a* −8.12 −7.29 0.05
b* 37.32 38.69 0.05
C* 38.21 39.37 0.05
hue angle (◦) 102.29 100.68 0.05

Total phenolic content (g kg−1; dry weight basis)
Peel 13.4 11.6 0.05
Pulp 4.7 2.6 0.01
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eflon–silicone septum, flash frozen in liquid nitrogen and stored at
80 ◦C prior to analysis. Frozen samples were later thawed under

unning tap water, then using an autosampler (Gerstel US, Balti-
ore, MD) the samples were incubated in an agitator at 500 rpm

nd 40 ◦C for 120 s before the headspace sample (1 mL) was taken
rom the vial and injected into a GC (Model 6890, Agilent, Palo
lto, CA) equipped with a 30 m × 0.25 mm i.d. polar Stabilwax cap-

llary column (1.0-�m film thickness, Restek, Bellefonte, PA) and
flame ionization detector (FID), and a mass spectrometer (MS,
odel 5973N MSD, Agilent). The GC conditions were: oven tem-

erature held at 40 ◦C for 360 s, then raised to 180 ◦C at a rate of
.1 ◦C s−1. The injection port and detector were kept at 250 and
80 ◦C, respectively. The MS had an ionization energy of 70 eV and
canned from 45 to 250 m/z.

For phenolic compound analysis, 10 entire fruit per repli-
ate were used. First, peel (thickness 1–2 mm) was obtained
sing a stainless steel vegetable peeler. Then pulp was obtained
y removing the cavity tissue. 100 g of peel and pulp tissues
er replicate from the pooled shreds were flash frozen in liq-
id nitrogen and freeze-dried. Ground, dry samples (1 g) were
ransferred into a 150-mL beaker containing ethanol–HCl solvent
85:15 ethanol/0.1N HCl), and heated to boiling for 60 s. After
ooling, the supernatant was filtered through Whatman #4 filter
aper for further analysis. Total phenolic contents were deter-
ined according to the Folin-Ciocalteu procedure (Slinkard and

ingleton, 1977) using p-coumaric acid as a standard. Phenolic
omposition was analyzed with a Waters (Milford, MA) Alliance
igh-pressure liquid chromatography system, equipped with a
aters 996 PDA detector and a Waters/Micromass ZQ single-

uadrupole mass spectrometer. Separation of the phenols was
ccomplished on a 250 mm × 4.6 mm i.d. RP-Amide C16 (Supelco)
olumn, with multistep linear water/acetonitrile/2% formic acid
radients at flow rates of 12.5 �L s−1. Initial solvent conditions were
5:10:5 (water/acetonitrile/2% formic acid), which increased in lin-
ar gradients to 81:14:5 in 900 s, to 77:18:5 at 1200 s, to 70:25:5 at
800 s, to 40:55:5 at 3300 s, and to 0:95:5 at 4020 s. The solvents
ere then held isocratic at 0:95:5 for 780 s. The chromatograms
ere recorded at 285 and 320 nm. PDA detection was monitored
etween 230 and 600 nm. Data handling was done with MassLynx
oftware Version 3.5 (Micromass, Division of Waters Corp., Bev-
rly, MA). The postcolumn split to the PDA and mass ZQ detector
as 10:1. MS parameters were as follows: ionization mode, ESI+;

apillary voltage, 3.0 kV; extractor voltage, 5 V; source tempera-
ure, 100 ◦C; desolvation temperature, 225 ◦C, desolvation N2 flow,
29 mL s−1; cone N2 flow, 19 mL s−1; scan range, m/z 150–900; scan
ate, 1 scan s−1; and cone voltages, 20, 40, and 60 eV.

.5. Sensory analysis

Sensory analysis was carried out by an experienced panel of 20
embers using a paired comparison test for visual quality, texture,

ourness, sweetness, flavor, and overall preference. Every panel
ember was presented with two samples, commercial harvested

nd delayed-harvest pears (two slices each) with a unique random
ode. For each attribute, the panel recorded the code for the sample
hey preferred.

.6. Statistical test

SAS Version 9 (SAS Institute, Cary, NC) was used for analysis of

ata. Cut surface color, firmness, respiration rate, ethylene produc-
ion rate, volatile concentrations and phenolic compounds were
nalyzed using the two independent samples t-test (PROC TTEST).
ensory evaluation data were analyzed using Fisher’s exact test
PROC FREQ).

p
b
T
l
c

a NS, 0.05 and 0.01 represent no significant difference or significant level at 0.05
nd 0.01, respectively.

. Results and discussion

.1. Quality attributes at harvest

Delayed-harvest fruit were about 20% heavier than commer-
ially harvested, with a larger diameter (Table 1). Rate of fruit
rowth after commercial harvest is different year to year. Accord-
ng to our observations, ‘Anjou’ pears grow about 2–6% weekly after
ommercial maturity. Fruit grow faster in warm and wet weather
nd slower in cool, dry weather (data not shown). The increase in
eight was mainly contributed to by an increase in the diameter

f the fruit (Table 1) as a result of cell enlargement (Sugar et al.,
000). This indicates a potential economic return (9–27% increase

n a month) for growers.
Average fruit firmness at commercial harvest time was 66.4 N

nd decreased to 55.2 N after a 1-month delay in harvest (Table 1).
irmness is the most reliable indicator for determining the maturity
f ‘Anjou’ pears (Chen and Mellenthin, 1981; Hansen and Mellen-
hin, 1979). Fruit normally lose firmness by 2–4 N per week after
ommercial harvest maturity and warm and wet weather exac-
rbates softening (data not shown). For traditional use of pears,
elayed-harvest pears usually have a short storage life. Chen and
ellenthin (1981) reported that 2 and 3 weeks delayed-harvest

Anjou’ pears had mealy (poor) texture upon ripening after stor-
ge of 3 months or longer. Sams (1999) suggested that large fruit,
hich have the same number of cells as smaller fruit (but the cells

re enlarged), have a smaller percentage of their volume in cell
all material. Thus, tissue density would be lower. During fruit

ipening, pectins (Fischer and Bennett, 1991) and hemicelluloses
Wakabayashi, 2000) typically undergo solubilization and depoly-

erization that are thought to contribute to cell wall loosening
nd disintegration. Murayama et al. (1998) compared softening of

Marguerite Marillat’ and ‘La France’ pears on and off the trees after
ommercial harvest, and found that the amount of water-soluble
olyuronides increased slightly during softening of fruit on the tree,

ut increased three times or more in fruit softened off the tree.
herefore, in this research, decrease of FF by delaying harvest is
ikely caused by cell enlargement, with little or no involvement of
ell wall material degradation.



J. Bai et al. / Postharvest Biology and Technology 51 (2009) 250–256 253

Table 2
Effect of harvest maturity and storage time on phenolic composition in peel and pulp of ‘Anjou’ pears

Elution time UV characteristic MS ions Possible structure Peak area

1–2 month(s) storage 4–5 months storage

Commercial Delayed t-Testa Commercial Delayed t-Test

Peel
17.77 Hb 48,895 49,276 NS 47,065 39,308 NS
18.67 H 30,039 30,681 NS 34,538 31,721 NS
28.67 H 5,971 6,396 NS 4,870 3,632 0.05
29.40 H 4,586 5,001 NS 4,826 3,533 0.05
30.57 H 3,238 2,699 0.05 1,971 1,603 NS
31.47 H 10,466 8,306 0.05 7,282 4,813 0.01
39.30 H 163/303/499/551 Pc 3,476 2,784 NS 9,036d 10,170d NS
34.15 F 303/465/611 P, G, R 6,332 4,770 NS 4,006 5,573 0.05
36.20 F 303/317/625/649 T, M 6,529 4,929 0.01 5,339 4,636 NS
36.50 F 317/479/625/647 T, M, G, R 5,693 4,691 0.01 4,851 4,323 NS
37.03 F 317/479/625/647 T, M, G, R 5,806 4,569 0.05 3,922 3,898 NS
38.60 F 317/479 T, M, G 4,743 2,850 0.01 1,845 2,968 0.05
39.50 F 303/551/573 P 7,395 6,123 0.05 (Combined) (Combined)
42.50 F 317/565/587 T, M 5,517 4,381 0.05 2,959 3,654 NS
43.10 F 303/354/579/601 P 1,341 1,043 0.05 1,123 1,267 NS

Pulp
17.77 H 15,562 9,601 0.01 16,982 9,293 0.01
18.67 H 10,430 6,510 0.01 15,533 10,293 0.01
30.57 H 1,763 718 0.01 1,093 0 0.01
31.47 H 4,614 2,318 0.01 2,690 2,423 NS

Commercially harvested fruit were stored for 2 or 5 months, and 1-month delayed-harvest fruit were stored for 1 or 4 month(s) at −1 ◦C.
a t-Test: NS, 0.05 and 0.01 represent no significant difference or significant level at 0.05 and 0.01, respectively.
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b H: hydroxycinnamic acids; F: flavanols.
c P: pentahydroxyflavone; G: glucose; R: rhamnose; T: tetrahydroxy; M: monome
d Peak was not seperated from the peak at elution time 39.5 min.

Titratable acidity content was lower in delayed-harvest fruit
han in commercially harvested fruit (Table 1). However, there
as no difference in soluble solids contents between commer-

ially harvested and delayed-harvest fruit (Table 1). This is because
hat by keeping fruit on trees, sugar was accumulated, and never-
heless, the growth in size diluted the increase of sugar. Because
he delayed-harvest fruit had higher ratio of sugar/acidity com-
ared to commercially harvested fruit, sweeter tasting fruit could
e expected.

Respiration rate at harvest measured by CO2 production was
2.2 and 29.8 nmol kg−1 s−1 for commercially harvest and delayed-
arvest fruit, respectively (Table 1). There was no difference
etween treatments. Fruit at harvest did not produce ethylene
egardless of harvest maturity (Table 1), because pears require a
hilling period after harvest to stimulate synthesis of ACC, the
mmediate precursor of ethylene (Agar et al., 2000; Chen et al.,
997; Wang et al., 1985).

Delayed-harvest fruit also had greater L*, b* and a* color values
s well as smaller hue angle, indicating degreening and/or yellow-
ng of the fruit surface color (Table 1). Chroma (C*) was slightly but
ignificantly higher indicating brighter color.

We analyzed phenolic compounds in peel and pulp, and found
hat the total phenolic content (TPC) of the peel was three- to
ourfold higher than in pulp (Table 1). TPC significantly decreased
y delayed harvest partially due to the enlargement of the fruit
Table 1). Since the Folin-Ciocalteu methodology was used to ana-
yze total phenolic content, other easily oxidized substances other
han phenolic compounds are possibly quantified in the deter-

ination. This could lead to an overestimation of the TPC for all
amples. Based on the close spectral similarities of compounds

etected by HPLC with known hydroxycinnamic acids and flavones,
xtracts of the pear peel analyzed in this study contained seven
ydroxycinnamic acids and eight flavanol conjugates (Table 2). In
ontract, only four hydroxycinnamates were detected in the pulp,
nd no flavanol conjugates (Table 2). The UV spectra and the anal-

T
a
a
(
3

flavone.

sis of the phenols in the peel by HPLC–MS provided additional
tructural information concerning these compounds. The observed
olecular weights and fragmentation patterns in the mass spec-

ra of these compounds suggest that these flavanols include four
ossible pentahydroxyflavone (detected by the m/z 303 ion) and
our tetrahydroxy-monomethoxy flavone (detected by the m/z
17 ion) glycosides (Table 2). The most common pentahydroxy-
nd tetrahydroxy-monomethoxy flavones include quercetin and
hamnetin, respectively. Delayed-harvest fruit, both in peel and
ulp, contain significantly less hydroxycinnamic acids and flavanols
Table 2), indicating that fruit harvested late have less browning
otential upon cutting. Pears are an excellent source of phenolics
nd, therefore, possess an extremely high antioxidant capacity. The
easured phenolic antioxidant capacity of 20 different fruit ranked

ear second only to cranberry in the assay on the basis of serving
ize (Vinson et al., 2001).

.2. Gas combination in packages and respiration and ethylene
roduction of cut slices

The oxygen partial pressure in the Ziploc bags with cut slices
emained at about 20 kPa during the entire storage period at 1 ◦C,
egardless of fruit harvest maturity (Fig. 1A). CO2 partial pressure
ncreased to 1.1–1.4 kPa in the bags after 1 week storage and then
tabilized, however, there was no significant difference between
reatments (Fig. 1B). Under such atmosphere with a slight modi-
cation of CO2, cut fruit generally maintain a regular metabolism
Bai et al., 2004). Ethylene partial pressure in the bags accumu-
ated to 0.5–0.6 Pa in the first week, gradually increased and the
nal concentration was about 0.8 Pa after 3 weeks storage (Fig. 1C).

here was no difference between commercially harvested fruit
nd delayed-harvest fruit. Because the storage temperature was
s low as 1 ◦C, the impact caused by ethylene was very limited
Chen and Mellenthin, 1981). The respiration rates of slices were
.8–5.5 �L kg−1 s−1 during storage with no significant difference



254 J. Bai et al. / Postharvest Biology and Technology 51 (2009) 250–256

F
s
1

b
f
i
t
C
l
i
c
r
e
I
s
1
c

F
s
1
r

Fig. 3. Changes of CIE a* value on cut surface, flesh firmness, soluble solids (SS)
content, titratable acidity (TA) content, and SS/TA ratio of pear slices during storage
at 1 ◦C (n = 3). Commercially harvested fruit were stored for 2 or 5 months, and 1-
m
*

ig. 1. Oxygen, CO2 and ethylene concentrations in packaging of pear slices during
torage at 1 ◦C (n = 3). Commercially harvested fruit were stored for 2 months, and
-month delayed-harvest fruit were stored for one month at −1 ◦C before cutting.

etween treatments (Fig. 2A). Slices from commercially harvested
ruit had higher ethylene production in the first week, but exhib-
ted similar levels as delayed-harvest fruit throughout the rest of
he storage period (Fig. 2B). According to Agar et al. (2000), and
hen et al. (1997), 1-aminocyclopropane-1-carboxylic acid (ACC)

evel, and activities of ACC synthase and ACC oxidase increased with
ncreased length of cold storage. This may explain why commer-
ially harvested fruit were stimulated to produce more ethylene in
esponse to cutting. There was no climacteric rise in respiration and

thylene production during storage due to low storage temperature.
t takes 2–3 d at room temperature for cold stored ‘Anjou’ fruit to
tart the climacteric rise of ethylene and respiration (Chen et al.,
997). The results indicate that the basic respiratory metabolism of
ut slices was similar for both harvest maturities.

ig. 2. Changes of respiration and ethylene production rates of pear slices during
torage at 1 ◦C (n = 3). Commercially harvested fruit were stored for 2 months and
-month delayed-harvest fruit were stored for 1 month at −1 ◦C before cutting. *
epresents a significant separation in same sampling day at 0.05 level using t-test.
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onth delayed-harvest fruit were stored for 1 or 4 month(s) at −1 ◦C before cutting.
* and * represent a significant separation in same sampling day at 0.01 and 0.05
evel using t-test, respectively.

.3. Quality characteristics

Slices from delayed-harvest fruit had lower contents of hydrox-
cinnamic acids and/or flavanols in both peel and pulp (Table 2). As
consequence, slight browning of the cut surface appeared after
weeks shelf life in commercially harvested fruit stored for both
and 5 months prior to cutting, indicated by a positive a* value

Fig. 3A and F). After 1–2 months storage, slices from delayed-
arvest fruit had higher a* values than slices from commercially
arvested fruit initially, but the values were still in the negative
ange, indicating that the flesh was less green (but not brown)
n comparison with commercially harvested fruit (Fig. 3A). The
egative value remained throughout the shelf life (Fig. 3A). After
–5 months storage prior to cutting, the a* value of the cut sur-
ace was about 0 and remained stable during first 2 weeks, but
ncreased afterward without a significant difference between dif-
erent harvest maturities (Fig. 3F). As sensory evaluation results for
isual quality showed, the panel preferred delayed-harvest fruit
ver commercially harvested fruit after both 1–2 and 4–5 months
torages (Fig. 4). After 4–5 months storage, the cut surface of slices

ppeared dry in delayed-harvest fruit. However, sensory evaluation
howed that panels still preferred the delayed-harvest fruit.

A critical quality problem of fresh-cut ‘Anjou’ pears is poor tex-
ure. Without ripening, a commercially harvested pear has a rough
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Fig. 4. Panel preference of sensory attributes of pear slices during storage at 1 ◦C
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Table 3
Effect of harvest maturity on headspace volatile emission from cut slices of ‘Anjou’
pears

Compound Peak area × 104 t-Testa

Commercial Delayed

Ethanol 96 104 NS
Propanol 43 58 0.05
Butanol 13 15 NS
2-Methyl-1-pentanol 7 5 NS
Acetic acid 16 18 NS
Propyl acid 196 216 NS
2-Propanoic acid 10 9 NS
Hexanoic acid 0 3 0.01
Ethyl acetate 9 10 NS
Propyl acetate 212 302 0.01
Butyl acetate 56 57 NS
Methyl iso-butyrate 4 5 NS
Hexyl acetate 8 14 0.01
Propanal 29 33 NS
(Z)-2-Heptenal 1 2 NS
Nonanal 4 3 NS
Total abundance 804 1023 0.05

Commercially harvested fruit were stored for 2 months, and 1-month delayed-
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20 members). Commercially harvested fruit were stored for 2 or 5 months, and 1-
onth delayed-harvest fruit were stored for 1 or 4 month(s) at −1 ◦C before cutting.

*, *, and 0.1 represent a significant separation in same sampling day at 0.01, 0.05
nd 0.1 level using Fisher’s exact test, respectively.

nd dry flesh. By delaying harvest time, FF of cut slices decreased
–6 N during shelf life (Fig. 3B and G), except for the fruit stored
or 4–5 months followed by a 3 weeks shelf life of cut slices, where
here were no differences in FF between different harvest maturi-
ies (Fig. 3G). FF decreased during shelf life when slices were from
to 5 months stored fruit, but FF maintained constant when slices
ere from 1 to 2 months stored fruit (Fig. 3B and G). The panel
id not distinguish a difference in texture between the different
arvest maturities when the fruit were stored 1–2 months prior to
utting (Fig. 4). However, after 4–5 months storage, 90% and 85% of
anel preferred the slices from delayed-harvest fruit immediately
fter cutting and after 14 d of shelf life, respectively (Fig. 4). This
ndicates a complex correlation between analytical firmness and
he consumer perception of texture (Figs. 3B and G, and 4). Firm-
ess, as felt by teeth and mouth, is a sensitive and complex trait
hat requires more than simple compression analysis to measure
Bai et al., 2004).
There was no difference between commercial harvest and
elayed harvest in SS content (Fig. 3C and H). SS content did not
hange during storage (Fig. 3C and H). However, TA content in
elayed-harvest slices was low initially and decreased gradually
uring storage in comparison with slices from commercially har-

4

a

arvest fruit were stored for 1 month at −1 ◦C before cutting and cut slices were
tored at 1 ◦C for 7 d.

a NS, 0.05 and 0.01 represent no significant difference or significant level at 0.05
nd 0.01, respectively.

ested fruit (Fig. 3D and I). Thus, fruit from delayed harvest had
higher SS/TA ratio compared with commercially harvested fruit

Fig. 3E and J). The panel preferred delayed-harvest fruit over com-
ercially harvested ones in sweetness (Fig. 4), reflecting that high

S and high SS/TA were preferred. However, the panel preferred
ommercially harvested fruit in sourness (Fig. 4), indicating that
higher sourness is not a negative taste factor. Delayed-harvest

Anjou’ pears contained higher amounts of esters, alcohols, acids,
nd aldehydes, especially the major volatiles such as propanol,
ropyl acetate, hexyl acetate, and hexanoic acid. The total abun-
ance of volatile compounds increased 27% by delaying harvest for
month (Table 3). However, ripe fruit usually emit 10- to 100-fold
ore volatiles in comparison with unripe fruit (Baldwin, 2002;

ondo et al., 2006). Therefore, fresh-cut pear salad is a different
roduct than ripe pears in terms of aromatic flavor: fresh-cut pear
mit much less pear and fruity flavor than ripe pear products. The
anel preferred delayed-harvest fruit over commercially harvested
nes in flavor when processed into a fresh-cut product after 1–2
onths storage (Fig. 4).
During 21 d shelf life, over 70% of panel preferred delayed-

arvest fruit in visual appearance, sweetness, flavor and overall.
he preference for delayed-harvest fruit was more significant when
lices were evaluated directly after cutting and after 7 d of shelf life,
nd the difference decreased after longer storage (Fig. 4). Fruit har-
ested at commercial maturity were more sour; however, 60–80%
f panel preferred the sourness. Conversely, when fruit were stored
or 4–5 months before cutting, panel did not distinguish the dif-
erence between commercial and delayed-harvest fruit, except for
exture immediately after cut, visual appearance, texture, and over-
ll preference 14 d after cutting (Fig. 4). For overall preference,
5–95% panel preferred slices from delayed-harvest fruit after 2
onths post-cutting storage, but the numbers were 70%, 45% and

0% after 5 months storage (Fig. 4). Therefore, the advantage of
elaying harvest was mostly seen when fruit are sliced earlier after
arvest.
. Conclusion

We propose a new fresh-cut pear product, pear salad, which
voids complicated “partial ripening” process, and would be easy
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o transport due to firm texture. To improve the quality of flat fla-
or, firm and rough texture, and high potential of browning, fruit
ere harvested 1 month later than the commercial norm, based on

he positive results from this preliminary experiment. The results
howed that by delaying harvest, the fruit had larger size, lower
esh firmness, lower titratable acidity, lower phenolic content and
igher volatiles. The panel preferred the delayed-harvest cut fruit
ver those from commercial harvest, especially in terms of visual
uality, sweetness, flavor, texture and overall quality.
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